a For CO 2 methanation reaction, a Mg species is often utilized as the alkaline promotor for Ni based catalysts to enhance the low-temperature catalytic activity. Herein, based on a pioneer ordered mesoporous NiO-Al 2 O 3 catalyst, a Mg alkaline promotor had been incorporated into the ordered mesoporous framework via a one-pot evaporation induced self-assembly (EISA) strategy. As a result, the ordered mesoporous NiO-MgO-Al 2 O 3 composite oxides with Mg/Al molar ratios in a wide range (0-10%) were successfully fabricated and directly utilized as the catalysts for CO 2 methanation reaction. These mesoporous catalysts were carefully characterized by X-ray diffraction, N 2 adsorption-desorption, transmission electron microscopy, selected area electron diffraction, energy dispersive spectrometer, X-ray photoelectron spectroscopy, H 2 temperature-programmed reduction, and CO 2 temperature-programmed desorption measurements. It was found that the ordered mesoporous materials with large specific surface areas (180.8-232.8 m 2 g À1 ), big pore volumes (0.37-0.43 cm 3 g À1 ), and narrow pore size distributions (around 9.5 nm) could be successfully retained after the calcination at 700 C. The highly dispersed Ni species were strongly interacted with the mesoporous framework in the form of NiAl 2 O 4 spinel. The incorporation of the Mg progressively increased the surface basicity of these catalysts, which could intensify the chemisorption and activation of CO 2 during the CO 2 methanation reaction. Therefore, the low-temperature catalytic activity was significantly enhanced. The "volcano-shape curve" relationship between the Mg/Al molar ratio and catalytic activity had been interestingly observed, suggesting only appropriate surface basicity could obtain the optimum catalytic activity. Besides, there was no evident deactivation over these mesoporous catalysts after 50 h long-term stability tests due to the confinement effect of the mesoporous framework. Therefore, the present ordered mesoporous NiO-MgO-Al 2 O 3 materials could be considered as a series of potential catalyst candidates for CO 2 methanation.
Introduction
In recent years, the increasing amount of CO 2 emission by the combustion of fossil fuels contributes to around 82% of the greenhouse gases.
1,2 As a result, the global warming problem gradually becomes a threat to the global climate, which can cause the rise of sea levels, melting in glaciers, and other environmental problems. [3] [4] [5] Meanwhile, CO 2 is also considered as a raw material for many chemical processes due to its available, renewable, and nontoxic features. [6] [7] [8] The conversion of CO 2 into useful low-carbon fuels (such as methanol, dimethyl ether, methane, etc.) via hydrogenation processes are the main approaches for its large-scale resource utilization.
2 Although methanol and dimethyl ether are promising fuels, the production of them from CO 2 hydrogenation oen demands high reaction pressure around 5 MPa. 9 Besides, the CO 2 conversions of these processes are also relatively low (<20%) and it is still difficult to realize the complete conversion of CO 2 .
10 Compared with these processes, the CO 2 hydrogenation to methane (also called Sabatier reaction) possesses following advantages. The synthetic natural gas (SNG, CH 4 ) can be directly injected and transported by the existing pipeline system. [11] [12] [13] Furthermore, this reaction can be carried out under atmospheric pressure and the production of CH 4 is favorable at low temperature according to its thermodynamic feature. 2, 7, 14 Furthermore, it also has potential industrial application prospect once the hydrogen can be derived from the sustainable sources, such as biomass, photocatalytic water splitting, etc. 2 The NASA is also greatly interested with this reaction in view of the future manned space colonization on Mars. 7, 15 The CO 2 (95%) atmosphere of Mars together with the hydrogen from the earth can be converted into methane and water via this process, providing the fuel and life-support system for the astronauts.
2,7 Therefore, CO 2 methanation has recently been received more and more attention.
The metals from group VIII, such as Ru, Rh, Pd, Ni, and Co, are effective catalysts for CO 2 methanation based on previous literatures. [16] [17] [18] [19] [20] [21] [22] [23] Among them, the Ni based catalysts are of great interest and have been extensively investigated due to their low cost and facile availability. [24] [25] [26] [27] However, compared with noble metal catalysts, the Ni based catalysts display poorer catalytic activity, especially at low reaction temperature. Although the low temperature is benecial to the achievement of high CO 2 conversion and CH 4 selectivity according to thermodynamic calculation, the full reduction of CO 2 into CH 4 is still difficult at low temperature over Ni based catalysts. Because this reaction is an eight-electron process with signicant kinetic barrier. 7, 28 In order to obtain acceptable CO 2 conversion rate, the catalyst is usually required to decrease the activation energy. Therefore, the development of Ni based catalysts with advanced lowtemperature catalytic activity remains a great challenge.
Extensive studies have revealed that the low-temperature catalytic performances of Ni based catalysts are greatly dependent on various inuencing parameters, such as the catalytic support, promotor, and preparation method. 2, 7, 28 Specically, the catalytic support has a signicant effect on the high dispersion of the metallic active sites, which greatly contributes to the activation and dissociation of the H 2 molecule. 18, 29 Thus, the materials with large surface areas, big pore volumes, and unblocked pore channels, such as mesoporous zeolite and mesoporous metal oxides, have been investigated as the supports of the CO 2 methanation catalysts. 23, [30] [31] [32] As for the CO 2 , it is an extremely stable molecule with eight out-layer electron structure. In order to decrease its activation energy, the alkaline promotors, such as MgO, CaO, La 2 O 3 , and so on, are oen used to intensify the surface basicity, which will intensify the chemisorption and activation of the CO 2 .
33-35 As a result, the catalytic activity at low reaction temperature will be promoted.
For Ni based catalyst, another disadvantage is the thermal sintering of the metallic active sites during the processes of reduction and CO 2 methanation reaction due to its low Tammann temperature (590 C), above which the thermal sintering of metallic Ni will easily take place. 36 Besides, there are possible hot spots existing among the catalyst bed due to exothermic feature of the CO 2 methanation reaction. 37, 38 Thus, the temperature of the catalyst bed is usually higher than the reactor temperature. This will aggravate the thermal agglomeration of the metallic Ni active sites and decrease the stability of the catalysts. In order to address this challenge, the Ni catalytic sites are oen stabilized by well-dened crystalline structures (e.g. solid solution, spinel, perovskite, etc.), [39] [40] [41] rigid mesoporous frameworks (e.g. Ni-MCM-41, NiO-Al 2 O 3 , etc.), 30, 31 and core-shell structures (e.g. Ni@SiO 2 ), 42 especially for high temperature reactions (such as dry reforming and steam reforming). With the aid of these strategies, the metallic Ni active sites can be rmly conned and its thermal sintering can be effectively controlled. Among these materials, the catalysts with mesoporous structures can be considered as promising candidates due to their outstanding structural properties, which can expose sufficient active sites for the reactants. For example, Haller et al. reported that the Ni-MCM-41 displayed outstanding catalytic performance comparable to the best results of Ru/SiO 2 noble catalysts toward CO 2 methanation owing to its excellent sintering-resistance and textual properties. 30 Following this guideline, we had successfully synthesized ordered mesoporous NiO-Al 2 O 3 composite oxide for CO 2 methanation, which displayed much better catalytic performance than both Ni/Al 2 O 3 supported and non-porous NiOAl 2 O 3 catalysts. 31 However, the low-temperature catalytic activity over ordered mesoporous NiO-Al 2 O 3 catalysts still requires further improvement.
Herein, a series of ordered mesoporous NiO-MgO-Al 2 O 3 materials with different Mg contents were fabricated by one-pot evaporation-induced self-assembly (EISA) method and directly employed as the catalysts for CO 2 methanation reaction. Similar to the ordered mesoporous NiO-Al 2 O 3 catalyst, the present materials with wide Mg/Al molar ratio (0-10%) also possessed outstanding textural properties and the Ni active sites were rmly conned by the mesoporous matrix, promising excellent catalytic activities and stabilities. Besides, the incorporation of the Mg greatly promoted the surface basicity, which could further intensify the chemisorption of the CO 2 . The inuence the Mg promotor on the catalytic activity had been carefully investigated. It was found that the presence of the Mg greatly favored the promotion of low-temperature catalytic activity and only appropriate Mg content could maximally promote the activity. The relationship between the structure and performance over these catalysts had been elaborated with the aid of the various analyzing techniques.
Experimental

The fabrication of the ordered mesoporous NiO-MgOAl 2 O 3 composite metal oxide catalysts
The ordered mesoporous NiO-MgO-Al 2 O 3 composite metal oxides with different Mg contents were synthesized by one-pot evaporation induced self-assembly (EISA) strategy, which had been reported elsewhere. [43] [44] [45] In these materials, the Ni/Al molar ratio was controlled at 10% and the Mg/Al molar ratios were controlled at x% (x ¼ 0, 1, 3, 5, 8, and 10), respectively. Specifically, 1.0 g (EO) 20 (PO) 70 (EO) 20 (Pluronic P123, Mn ¼ 5800, Sigma-Aldrich) structure directing agent was dissolved in 20.0 mL absolute ethanol with vigorous agitation. 1.6 mL 67.0 wt% nitric acid, 10 mmol aluminum isopropoxide (>98%, SigmaAldrich), 1 mmol Ni(NO 3 ) 2 $6H 2 O (Sigma-Aldrich), and quantitative Mg(NO 3 ) 2 $6H 2 O (Sigma-Aldrich) were added to above solution in sequence. Aer 5 h vigorous agitation, the nal transparent light green solution was transferred into a Petri dish, which was put into a convection oven with appropriate temperature (60 C) and relative humidity (<50%) to carry out the EISA process for 48 h. The nal light green xerogel was calcined at 700
C for 5 h with a ramping heat rate of 1 C min
À1
. For convenience, these ordered mesoporous NiO-MgOAl 2 O 3 materials with different Mg contents were abbreviated as OMA-10NixMg, where "OMA", "10", an "x" referred to the "ordered mesoporous alumina matrix", "Ni/Al molar ratio", and "Mg/Al molar ratio", respectively.
The Ni/g-Al 2 O 3 supported catalyst was prepared via incipient wetness impregnation method using Ni(NO 3 ) 2 $6H 2 O (SigmaAldrich) as the precursor and investigated as the reference catalyst, which had identical Ni/Al molar ratio (10%) to the OMA-10NixMg materials. The catalyst calcined at 700 C was denoted as 10Ni/Al 2 O 3 , where "10" stood for the "Ni/Al molar ratio".
Catalyst characterizations
Small-angle and wide-angle X-ray diffraction (XRD) patterns were recorded on the X'pert Pro multipurpose diffractometer (PANalytical, Inc.) with Ni-ltered Cu Ka radiation (0.15046). The N 2 adsorption and desorption analyses were conducted by using a NOVA 2200e (Quantachrome) at liquid nitrogen temperature (À196 C). Prior to the regular analysis, the sample should be degassed at 200 C under vacuum condition for 4 h to remove physisorbed water and surface impurities. The inductive coupled plasma atomic emission spectrometer (ICP-AES) was determined on the Optima 7300DV (Perkin Elmer) to obtain the actual Ni/Al and Mg/Al ratios. Transmission electron microscopy (TEM), selected area electron diffraction (SAED), and energy-dispersive spectroscopy (EDS) characterization were carried out on a JEOL 2010F microscope using 200 kV as the working voltage. The powder of the sample ought to be highly dispersed in ethanol with the aid of ultrasonic apparatus before dropping onto the carbon-coated copper grid. X-ray photoelectron spectroscopy (XPS) analyses of the catalysts were recorded over a VG ESCALAB 210 (Thermo Scientic) spectrometer. The binding energy of the C 1s (284.8 eV) was used as the standard reference of the XPS data. For XPS analysis, the sample should be loaded on a sample holder coated with conductive adhesive tape and pretreated in high vacuum environment. The H 2 temperature programmed reduction (H 2 -TPR) measurements of the catalysts were performed on a Quantachrome ChemBET Pulsar TPR/TPD apparatus. Specically, 0.1 g sample was loaded on the U-type quartz tube connected with the equipment. Prior to the formal test, the sample should be purged with He stream (30 mL min À1 ) at 300 C for 1 h to remove the physicaladsorption water and other surface impurities. Then, the H 2 -TPR measurement was carried out in 5 vol% H 2 -95 vol% He stream (80 mL min À1 ) with a 10 C min heating rate up to 1100 C and the amount of hydrogen consumption was recorded by TCD detector. The CO 2 temperature programmed desorption (CO 2 -TPD) measurements of the catalysts were carried out on the Micromeritics AutoChem II 2920 Chemisorption analyzer. In particular, 0.1 g sample loaded in the Utype tube was pretreated at 300 C in He stream for 1 h to remove the surface impurities. Aer cooled down to the 25 C, the sample was exposed to pure CO 2 atmosphere (50 mL min À1 )
for 1 h to make the sample surface saturated with chemisorbed CO 2 . Then, the gas was changed into the He stream (50 mL min
À1
) to purge the physically absorbed CO 2 until the baseline was stable. Finally, the CO 2 -TPD was conducted with a heating rate of 20 C min À1 to 900 C and the desorbed CO 2 signal was also recorded by the TCD detector.
Catalyst evaluation
The CO 2 methanation reaction was carried out in a continuousow xed-bed tubular quartz reactor (i.d. ¼ 10 mm). The reaction temperature was determined and controlled by a coaxial thermocouple located at the center of the catalyst bed. The ow rates of the reactant gases were regulated by calibrated mass ow controllers. Before the catalytic reaction, the catalyst ought to be pre-reduced under H 2 /N 2 (10/20 mL min À1 ) mixed ow at 800 C for 2 h with the ramping heating rate of 1.5 C min À1 .
Aer purging the reactor with N 2 to remove chemisorbed H 2 , the mixture of the H 2 and CO 2 (molar ratio H 2 /CO 2 ¼ 4) without any dilution was introduced into the reactor at a gas hourly space velocity (GHSV) of 15 000 mL (g À1 h À1 ). For each catalyst, the catalytic performance was investigated from 200 to 450 C at the interval of 50 C. Lab-scale stability tests were conducted at 400 C with the GHSV of 15 000 mL (g À1 h À1 ) for 50 h under atmospheric pressure. Before owing into the on-line GC system, the product gases effluent from the reactor was mixed with the N 2 (5 mL min À1 ) as an internal standard gas. Finally, the mixture of product gases were injected on line via the automatic six-port valve injectors and subsequently analyzed by the GC machine (Agilent 7890B) equipped with a packed column (TDX-01) for TCD and an alumina capillary column for FID. However, there was no C2+ hydrocarbon detected by the FID detector. Therefore, the CO 2 conversion (abbreviated as C CO 2 ) and CH 4 selectivity (denoted as S CH 4 ) were calculated based on the following formulas.
In all formulas, the F x,inlet and F x,outlet represented the ow rate of the x species, which owed into and out of the reactor, respectively.
Results and discussion
Physical and chemical properties of the fresh catalysts
The small-angle (0. ) and wide-angle (20-80 ) XRD patterns of the fresh OMA-10NixMg catalysts were displayed in Fig. 1 ( 1) and (2), respectively. It could be observed in Fig. 1 (1) that all the OMA-10NixMg catalysts with different Mg contents exhibited two groups of peaks in the range of 0.76-0.78 and 1.30-1.50 , which could be attributed to the (1 0 0) and (1 1 0) directed inections, respectively. This suggested the presence of two dimensional p6mm hexagonal ordered mesoporous channel with long-range orderliness. Besides, the incorporation of the Mg species almost had no obviously adverse effect on the ordered mesostructure of the OMA-10NixMg. The d-space (1 0 0) values of these samples were calculated based on the peak position of the (1 0 0) directed reection according to Bragg's equation. As observed in the Table 1 , their values were in the range of 11.3-11.9 nm, which belonged to mesopore (2-50 nm) based on the IUPAC denition. 46 As for the wide-angle XRD patterns in Fig. 1(2) , all the OMA-10NixMg samples with identical Ni loading amount did not display any diffraction peaks related with Ni species, such as NiO, NiAl 2 O 4 , and so on, suggesting the high dispersion of Ni species among the ordered mesoporous framework. However, the diffraction peak of MgAl 2 O 4 spinel phase (PDF-#-21-1152) gradually appeared and became stronger and stronger with the increase of Mg/Al molar ratio from 0% to 10%. In contrast, the XRD pattern of the conventional 10Ni/Al 2 O 3 supported catalyst in Fig. S1 (ESI †) displayed apparent NiO (PDF-#-44-1159) diffraction peak, suggesting its relatively poorer Ni dispersion than OMA-10NixMg counterparts.
The N 2 adsorption-desorption isotherms and corresponding pore size distribution curves of the OMA-10NixMg materials were presented in Fig. 1 (3) and (4) . As shown in Fig. 1(3) , all the materials possessed IV type isotherms with steep H1 shaped hysteresis loops in the range of 0.5-0.9 P/P 0 owing to the capillary condensation of N 2 among the mesoporous channels, suggesting the presence of mesoporous channels with cylindrical shapes. 45 Besides, the Fig. 1(4) described the corresponding pore size distribution curves of these materials, which were calculated according to the Barrett-Joyner-Halenda (BJH) method using the adsorption branch. It could be observed that all the OMA-10NixMg materials regardless of the Mg contents displayed greatly narrow pore size distributions around 9.5 nm. As a comparison, the fresh 10Ni/Al 2 O 3 catalyst in Fig. S2 (ESI †) displayed IV H2 shaped isotherm and narrow pore size distribution around 6.0 nm. This suggested the presence of the mesoporous structure, which was mainly originated from the gAl 2 O 3 support, not from the assembly process. Furthermore, the textural properties, such as Brunauer-Emmett-Teller (BET) specic surface areas, pore volumes, BJH pore diameters, and wall thickness of the mesopores, were summarized in Table 1 Fig. 2(a-c) and (e-g)) and [0 0 1] direction ( Fig. 2(d) ), which conrmed the presence of 2D p6mm hexagonally structured mesoporous channels. This was well consistent Fig. 1 (1) Small-angle and (2) wide-angle X-ray diffraction patterns of the fresh OMA-10NixMg catalysts; (3) nitrogen adsorption-desorption isotherms and (4) pore size distribution curves of the fresh OMA-10NixMg catalysts.
with the deduction based on the small-angle XRD and N 2 adsorption-desorption analyses. Similar to wide-angle XRD, the selected area electron diffraction (SAED) could also provide information related with the crystallinity of the materials. As displayed in the insets of Fig. 2(a-c) and (e-g), the diffraction rings of these samples were not very distinguishable, implying the poor crystallinity of the mesoporous framework. Therefore, the results of XRD and SAED were in good agreement with each other. Furthermore, the EDS characterization was conducted over OMA-10Ni10Mg and its prole was displayed in Fig. 2(h) . The characteristic peaks of Ni, Mg, Al, O, C, and Cu elements could be identied in the EDS prole. For the C and Cu peaks, they ought to be derived from the copper grid coated with carbon lm. The co-presence of Ni, Mg, Al, O peaks suggested that these elements had been successfully introduced into ordered mesoporous OMA-10Ni10Mg material.
The interaction strength between the Ni species and the ordered mesoporous Al 2 O 3 matrix was investigated by the H 2 -TPR over the OMA-10NixMg catalysts with different Mg contents. Their proles were displayed in Fig. 3(1) . It was worth noting that each sample only possessed one pronounced H 2 reduction peak around 820.0 C in the whole temperature range investigated (100-1070 C). This suggested that the strong metal-framework interaction had been formed. The absence of the reduction peak in low temperature region (300-500 C)
demonstrated that there was no disassociated NiO species weakly bonded with mesoporous framework. 47 The reason for this phenomenon could be attributed to the unique "one-pot" fabrication strategy. Different with the conventional supported catalysts, the Ni active sites were in situ introduced into the ordered mesoporous framework during the one-pot EISA process. It was supposed that the location of the Ni species was homogenously embedded among the ordered mesoporous Al 2 O 3 matrix owing to the advantage of the "one-pot" synthesis strategy. As a result, there was almost no big difference between the "surface" and "bulk" Ni species in their chemical coordination environment, accounting for the only one evident reduction peak for each OMA-10NixMg sample. However, the H 2 -TPR prole of Ni/Al 2 O 3 supported catalyst in Fig. S3 (1) (ESI †) exhibited two pronounced peaks centered at 517.6 C and 891.9 C, which could be identied as the NiO species with weak and strong interactions with the g-Al 2 O 3 support, respectively. This result suggested that the Ni species was heterogeneously distributed over the surface of Al 2 O 3 support aer impregnation process. Therefore, compared with OMA-10NixMg, it was relatively easier to reduce the weakly interacted Ni species over Ni/ Al 2 O 3 catalyst, which was well consistent with the previous reports. 31, 47, 48 Thus, the metallic Ni active sites in OMA-10NixMg would be endowed with enhanced anti-sintering performance. Fig. 3(2) showed the XPS proles of Ni 2p for the fresh OMA10NixMg materials with different Mg contents. It was of great interest to nd that all the samples irrespective of the amount Mg contents displayed identical Ni 2p proles in the shape. Specically, each sample exhibited one main Ni 2p 3/2 peak around 856.0 eV and another satellite peak around 862.0 eV, which were the featured peaks Ni 2+ in the form of NiAl 2 O 4 spinel species. 49 This indicated that the NiAl 2 O 4 species existed over the surface of the OMA-10NixMg catalysts and the incorporation of the Mg alkaline promotor into the mesoporous framework did not inuence the chemical coordination environment of the Ni elements. For OMA-10NixMg catalysts, the Ni species were homogenously distributed among the whole materials due to the advantage of "one-pot" strategy. There ought to be no difference between the bulk and surface Ni species. Thus, it can be supposed that the Ni species embedded in the inner part of the mesoporous framework was also in the form of NiAl 2 O 4 phase. Actually, the single-reduction peak over these OMA10NixMg materials in Fig. 3(1) had already demonstrated the presence of the NiAl 2 O 4 species, which only could be reduced at high temperature above 800 C. Therefore, the absence of NiAl 2 O 4 diffraction peak in Fig. 1(2) was because of the high dispersion of the NiAl 2 O 4 among the amorphous Al 2 O 3 framework. As for Ni/Al 2 O 3 supported catalyst, its Ni 2p XPS prole in Fig. S3 (2) (ESI †) displayed the 2p 3/2 peak at 855.8 eV, which was a bit lower than peak position of Ni 2p 3/2 in OMA-10NixMg. The shi toward to the lower binding energy region ought to be attributable to the surface NiO species, which could be reduced at low temperature according to H 2 -TPR analysis in Fig. S3(1) . † The CO 2 -TPD measurements had been carried out over the fresh OMA-10NixMg materials to investigate the surface basicity, which would greatly affect the chemisorption and activation of the CO 2 during the catalytic reaction. Their CO 2 -TPD proles were displayed in the Fig. 4 . For all the samples, their desorption peaks of CO 2 were very similar in the shapes, which were mainly centered at 83.2 and 460.5 C. The rst peak at 83.2 C might be attributed to the weakly chemisorbed CO 2 molecules, which possibly interacted with the surface basic sites in the form of monodentate carbonate species. 50, 51 The second peak at 460.5 C ought to be derived from the decomposition of bidentate and/or polydentate carbonates, which strongly interacted with the basic sites. 50, 51 Besides, it could be noticeable that the intensity of the CO 2 desorption peak was greatly related with the Mg contents, which was in agreement with previous reports.
52,53 Specically, with the increase of Mg/Al molar ratio from 0% to 10%, the surface basicity progressively increased and the formation of MgAl 2 O 4 phase did not inuence the total surface basicity. In summary, the incorporation Mg species into the mesoporous framework could simultaneously promote the weak basic site and strong basic site, which would be favorable in subsequent processes of CO 2 chemisorption and activation during CO 2 methanation reaction.
Catalytic performances for CO 2 methanation
Prior to the regular catalyst evaluation, the blank test was conducted without loading catalysts. Almost no catalytic activity was detected in the temperature range of 200-450 C, demonstrating the critical role of catalyst in promoting catalytic activity. For the catalytic activity tests, the data related with CO 2 conversion and CH 4 selectivity was the average values of three times.
The effect of the Mg basic modier on the catalytic activities at different reaction temperatures had been investigated over OMA-10NixMg catalysts under specied conditions (H 2 /CH 4 ¼ 4, GHSV ¼ 15 000 mL (g À1 h À1 ), 1 atm). The curves of the CO 2 conversion versus Mg/Al molar ratio at different reaction temperatures were described in Fig. 5 . It was noticeable that these curves at different temperatures were similar to "volcanoshape curve" in the shape, which was very universal in the catalysis eld. 54, 55 Specically, with the increase of Mg/Al molar ratio from 0% to 5%, the CO 2 conversion continuously increased until reaching the maximum value; however, further increasing the Mg/Al molar ratio up to 10% would cause the decline of the CO 2 conversion. This suggested that only appropriate amount of Mg basic modier could maximally promote the catalytic activity, which was well consistent with pioneer report.
34 According to the above CO 2 -TPD analysis, the presence of Mg evidently increased the surface basicity, which was proportional to the amount of Mg species. This could greatly intensify the chemisorption and subsequent activation of CO 2 during the reaction, which could nally decrease the activation energy of CO 2 . As a result, the catalytic activity of the alkaline modied catalyst, especially at low reaction temperature could be promoted. However, excessive Mg basic promotor would rmly absorb the CO 2 and the subsequent desorption step of CO 2 would become difficult, which might cause the coverage of neighboring Ni active sites and the blockage of following activation of H 2 . Consequently, the CO 2 conversion suffered some decline because of the excessive surface basicity. Therefore, only Mg/Al molar ratio (5%) could evidently promote the catalytic activity to the utmost. The role of Mg alkaline promotor in enhancing the catalytic activity over OMA-10NixMg catalysts toward CO 2 methanation, especially at low temperature, was further conrmed by the kinetic study. The Arrhennius plots of the OMA-10NixMg catalysts with different Mg/Al molar ratios were displayed in Fig. S4 (ESI †) and their corresponding apparent activation energies of CO 2 were summarized in Table 1 . It was of great interest to nd that the catalysts with basic modication displayed much lower apparent activation energies of CO 2 than pristine OMA-10Ni catalyst without any modication. The results suggested that the incorporation of the Mg alkaline promotor possessed positive roles in CO 2 activation. Specically, with the increase of Mg/Al molar ratio from 0% to 5%, the CO 2 activation energy gradually decreased from 75.2 kJ mol À1 to 57.6 kJ mol À1 .
However, further increasing the Mg/Al molar ratio up to 10% caused the increase of the CO 2 activation energy. This indicated that only appropriate Mg/Al molar ratio (5%) could achieve the lowest activation energy of the CO 2 because of "volcano-shape curve" phenomenon. The inuence of reaction temperature on the catalytic activity and selectivity was studied over OMA-10Ni, OMA10Ni5Mg, and 10Ni/Al 2 O 3 representative catalysts in the region of 200-450 C. As observed in Fig. 6 (1), the CO 2 conversions over most of these catalysts gradually increased with the increase of the reaction temperature from 200 to 400 C and achieved the maximum values at 400 C; however, the further increase of the temperature to 450 C caused the decline of the CO 2 conversion. Actually, the trends of these three curves were completely different with that of the theoretical equilibrium CO 2 conversion curve, which gradually decreased with the increase of the reaction temperature. 28 Although the low reaction temperature was favorable for the high CO 2 conversion, the kinetic limitation for CO 2 activation was a great barrier for the achievement of outstanding low-temperature activity. 7 In order to overcome this difficulty, the alkaline promotor was used for intensifying the processes of chemisorption and activation. Therefore, compared with the OMA-10Ni, the OMA-10Ni5Mg behaved much higher CO 2 conversion, which was more close to the theoretical equilibrium conversion. Furthermore, it was also noticeable to nd that the CO 2 conversions over both OMA10Ni and OMA-10Ni5Mg catalysts were also much higher than that over 10Ni/Al 2 O 3 catalyst, especially in the low temperature region. This could be attributed to the better textural properties of the ordered mesoporous catalysts, such as larger surface area and unimpeded mesoporous channel, which made the mass diffusion of the gaseous reactants toward metallic Ni active sites become easier. This accounted for the lower CO 2 activation energies over OMA-10NixMg catalysts than 10Ni/Al 2 O 3 catalyst (77.1 kJ mol À1 , see Table 1 ). Besides, the relationship between the CH 4 selectivity and the reaction temperature was reected in the Fig. 6(2) . It could be observed that the equilibrium CH 4 selectivity gradually decreased with the increase of the temperature due to the reverse water-gas shi (RWGS) side reaction, which could generate the CO and decrease the CH 4 selectivity. 56 For the CH 4 selectivity over these three real catalysts, their values at different temperatures were lower than the corresponding theoretical equilibrium selectivity. Specically, the OMA-10Ni and OMA-10Ni5Mg displayed their highest CH 4 selectivity at 350 C and 10Ni/Al 2 O 3 showed its highest CH 4 selectivity at 200 C. Besides, the OMA-10Ni5Mg with basic modication displayed a bit higher CH 4 selectivity than the pristine OMA-10Ni. This suggested that the presence of Mg basic site was benecial to the enhancement of the CH 4 selectivity. For the reaction mechanism of the CO 2 methanation, though they had been intensively investigated over different kinds of active sites, the arguments related with the reaction intermediates had not reached a consensus. For the Ni based catalysts, it was reported that the CO 2 methanation reaction was initiated by the dissociation of CO 2 into a carbon species (CO ads ) and an oxygen species (O ads ) over the catalyst surface and the CO ads subsequently reacted with H atom to generate CH 4 on Ni active site, which was responsible for dissociating the H 2 into H atom. 27, 57, 58 The presence of the Mg basic modier might intensify the formation of the CO ads species and suppress the desorption process of CO ads into CO, which accounted for the relatively higher CH 4 selectivity over OMA-10Ni5Mg catalyst. Besides, the CH 4 selectivity was also closely related with the state of the metallic Ni active site. If the thermal sintering of the Ni active sites took place, the H 2 dissociation into H ads would be blocked, which would also cause the decrease of the CH 4 selectivity due to lack of H ads source. Therefore, the lower CH 4 selectivity over 10Ni/Al 2 O 3 catalyst than the other mesoporous catalysts at high temperature above 300 C might be caused by the thermal sintering of the metallic Ni active sites. The development of the Ni based catalyst with long-term catalytic stability was also an important concern because the thermal sintering of the Ni active sites easily took place. Therefore, the 50 h lab-scale long term stability tests were carried out under given conditions (H 2 /CO 2 ¼ 4, 400 C, GHSV ¼ 15 000 mL (g À1 h À1 ), 1 atm). The OMA-10Ni, OMA-10Ni3Mg, OMA-10Ni5Mg, and 10Ni/Al 2 O 3 catalysts were chosen as the representatives for the stability tests and their catalytic performances were summarized in Fig. 7 . As shown in the Fig. 7(1) , there was no obvious deactivation observed over OMA-10Ni, OMA-10Ni3Mg, and OMA-10Ni5Mg mesoporous catalysts aer 50 h stability tests, displaying greatly excellent catalytic stabilities. This suggested that the deactivation caused by the thermal sintering of the Ni active sites had been successfully avoided owing to the connement effect of the mesoporous framework, which could stabilize the metallic Ni nanoparticles by the mesoporous framework. In contrast, the CO 2 conversion over traditional 10Ni/Al 2 O 3 supported catalyst gradually decreased from 61.2% to 55.3% during the whole 50 h stability test, which ought to be caused by the thermal sintering of the metallic Ni active sites due to weak metal-support interaction. Furthermore, it was noticeable that the CO 2 conversions over OMA10Ni3Mg (76.3%) and OMA-10Ni5Mg (80.3%) were still higher than that over OMA-10Ni (67.8%), once more demonstrating the positive roles of alkaline promotors in enhancing the catalytic activity. Besides, the catalytic performances related with CH 4 selectivity were depicted in Fig. 7(2) . Similar to the CO 2 conversions, the corresponding CH 4 selectivity over OMA-10Ni, OMA-10Ni3Mg, and OMA-10Ni5Mg catalysts kept stable during the whole 50 h time on stream. However, the general trend of the CH 4 selectivity over 10Ni/Al 2 O 3 supported catalyst was descendent because of thermal sintering of the metallic Ni active sites. As for the CH 4 selectivity, it was also very sensitive to the thermal sintering of the metallic active sites based on the previous reports, which were responsible for the dissociation of the H 2 into H ads . 18, 31, 57 The thermal agglomeration of the metallic active sites would cause the deceleration of the H 2 Fig. 6 The curves of the (1) dissociation, nally leading to the decomposition of the CO ads into CO due to the lack of H ads .
18,31 For the current OMA-10NixNi catalysts, the steadiness of their CH 4 selectivity during the longterm stability tests was attributed to the enhanced thermal stability of the metallic Ni active sites, which were stabilized by the ordered mesoporous Al 2 O 3 matrix. Therefore, compared with the 10Ni/Al 2 O 3 supported catalyst, the OMA-10NixMg catalysts exhibited more excellent catalytic stabilities.
Overall, the low-temperature catalytic activity over OMA10NixMg catalysts had been obviously enhanced by the incorporation of Mg alkaline promotor by intensifying the surface basicity. Compared with conventional 10Ni/Al 2 O 3 supported catalyst, these ordered mesoporous catalysts were provided with better structural properties, higher metallic Ni dispersion, and stronger metalsupport interaction, which endowed them with more excellent catalytic performances. However, the obtained CO 2 conversions over these OMA-10NixMg catalysts were still much lower than the chemical equilibrium value and had enough room to be improved. As for the Ni-Al based catalysts, except for the current mesoporous catalysts, the Ni-Al hydrotalcite catalysts recently had been extensively investigated for CO 2 methanation due to their unique structural properties, where the Ni active sites could be highly dispersed among the layers of hydrotalcite crystalline structure. , 400 C, 1 atm. ). 58 The CO 2 conversion of ca. 46.0% could be obtained over the catalysts with 2 and 4 wt% La at 250 C owing to the enhancement of medium strength basic sites by La. Apparently, the Ni-Al hydrotalcite and (Ni, La, Mg, Al) catalysts displayed higher CO 2 conversions at low temperature than the OMA10NixMg catalysts (about 10.0 wt% Ni). However, these catalysts with different metallic Ni loading amounts were investigated under different reaction conditions. Therefore, these results could not be directly comparable with each other. The common advantages of Ni-Al hydrotalcite and OMA-10NixMg catalysts were that the Ni active sites were effectively conned and the sintering of the metallic Ni could be inhibited, which accounted for their good catalytic stabilities. Based on this concept, if the Ni-Al hydrotalcite based ordered mesoporous catalyst could be fabricated, its lowtemperature catalytic activity and stability would be further improved because of their own unique advantages.
Characterization of the used catalysts
The XRD characterizations of the 50 h spent (denoted as SP) OMA-10Ni, OMA-10Ni3Mg, OMA-10Ni5Mg, and 10Ni/Al 2 O 3 catalysts were carried out and their XRD patterns were exhibited in Fig. 8 The nitrogen adsorption and desorption analyses were also carried out over the 50 h spent catalysts and their results were displayed in Fig. 9 and S2 (ESI †). As can be seen in Fig. 9 (1), all the spent OMA-10NixMg catalysts still showed IV isotherms with steep H1-shaped hysteresis loops in the range of 0.5-0.9 P/ P 0 . This indicated that the ordered cylindrical mesoporous channels had been successfully retained aer experiencing the 2 h high temperature reduction at 800 C and 50 h long-term stability tests at 400 C. Furthermore, as can be seen in Fig. 9 (2), their corresponding pore size distribution curves centered at 8.3-8.5 nm were very narrow. As for the SP-10Ni/ Al 2 O 3 catalyst, similar to its fresh precursor, the spent sample also displayed IV-H2 type isotherm and narrow pore size distribution curve in Fig. S2 (ESI †). Besides, as shown in the Table 1 , the values of the specic surface areas and pore volumes of all the spent catalysts also suffered some decline. As for the SP-OMA-10NixMg catalysts, the decline was mainly derived from the thermal shrinkage of the mesoporous framework during the processes of reduction and reaction for these catalysts. But the thermal shrinkage had not cause the deformation and collapse of the ordered mesoporous skeletons according to their IV H1-shaped isotherms and narrow pore size distributions, demonstrating outstanding thermal stability. For the SP-10Ni/Al 2 O 3 catalyst, the decrease in its surface area and pore volume might be mainly because of the thermal sintering of the metallic Ni, which would cause the blockage of the pore channel by large clusters. In addition, the Ni/Al and Mg/Al molar ratios (see Table 1 ) of the spent catalysts were also determined by ICP-AES. The values were comparable to their corresponding fresh catalysts, suggesting that the serious loss of the metallic Ni active sites did not occur. TEM analyses of the 50 h spent catalysts were conducted to further investigate the thermal sintering property of the metallic Ni active sites and/or the morphology of the ordered mesoporous channels. As shown in the Fig. 10 , the uniformly cylindrical mesopore channels viewed along the [1 1 0] direction could be observed over these 50 h SP-OMA-10NixMg catalysts, suggesting that the ordered mesoporous structures had been successfully retained aer 50 h stability tests. Besides, it was worth noting that no obvious metallic Ni cluster could be observed over all the SP-OMA-10NixMg catalysts, demonstrating excellent thermal sintering-resistance property. In sharp contrast, as can be seen in the Fig. S5 (ESI †) , the large metallic Ni clusters appeared over SP-10Ni/Al 2 O 3 catalyst. This proved that serious thermal sintering of the metallic Ni active sites had taken place, which had been already conrmed by the XRD characterization in Fig. 8 . Therefore, the current OMA-10NixMg catalysts displayed much better anti-sintering property than 10Ni/Al 2 O 3 supported catalyst.
Conclusions
In summary, a series of ordered mesoporous NiO-MgO-Al 2 O 3 composite oxides with different Mg contents had been facilely fabricated by one-pot EISA strategy. The obtained materials with outstanding textural properties were directly employed as the catalysts for CO 2 methanation. The incorporation of the Mg alkaline promotor greatly enhanced the surface basicity, which was in favor of the chemisorption and activation of CO 2 . As a result, their low-temperature catalytic activity and CH 4 selectivity toward CO 2 methanation were promoted. The "volcanoshape curve" relationship between the catalytic activity and Mg contents was observed. It was found that only the appropriate Mg/Al molar ratio (5%) could maximally promote the catalytic activity. Besides, these alkaline promoted catalysts were also provided with enhanced catalytic stability owing to the connement effect of the mesoporous framework. The Ni active site and Mg basic promotor were in situ embedded among the alumina matrix by the one-pot fabrication strategy, which could effectively prevent the metallic active sites from sintering. Owing to these favorable advantages, the ordered mesoporous NiO-MgO-Al 2 O 3 composite oxides could be considered as a series of potential catalysts for CO 2 methanation reaction.
